We investigate the structure of the [bmim] 
silicon surface revealed a surprising variety of different behaviours, depending on the surface hydroxylation and charge, on the water content, on the electric bias of the tip, and on the velocity of the surface scanning. More importantly, these measurements provided evidence of solid-like behaviour for RTILs in confined geometries, even at conditions such that the bulk equilibrium phase is the liquid. This observation, in turn, might explain the remarkable stability of ionogels made of inorganic nanoparticles solvated into RTILs, that could find applications in electrochemical and photovoltaic devices 15 .
long persistence time of the observed structures are fully consistent with the properties of solid-like RTIL islands. Even though solid-like layering of liquids wetting solid surfaces has been seen at several other interfaces, the wide extension (up to 100 planes) of the solid-like structures is indeed unusual, taking into account that in the bulk the deposited compound is liquid at the ambient temperature and pressure of experiment. The solid-like character, therefore, has to result from the in-plane perturbation due to the substrate, which, however, is localised 50 nm below the topmost solid-like RTIL layers. Also in these measurements, layering is greatly attenuated in the case of graphite and gold. In what follows, the tip is represented by a spherical particle of infinite mass (nano-sphere, NS) interacting with all real atoms via a short-range potential. The radial dependence is given by:
This functional form of V (r) has been proposed in Ref. 24 to model colloids and nanoparticles. The parameters chosen for our simulation (σ = 1.6 − 2 nm, ǫ = 0.7 kJ/mol, α = 10)
are such to describe a nanometric excluded volume, with a thin (sub-nanometric) attractive well outside the sphere. It is apparent from eq. (1) that no atom can enter the sphere of radius σ centred on the NP. Since atoms are ∼ 1000 times smaller (in volume) than the smallest NP we considered, it is easy to verify that the length σ represents in this case the radius of the NP. This is at variance from the case of equi-sizes LJ particles, for which the corresponding σ LJ parameter represents the particle's diameter. This consideration will be relevant when estimating the pressure under the tip during the indentation process.
III. SIMULATION RESULTS
MD simulations have been carried out using a version of the DL POLY package (111) cristobalite surface is much shorter than the NS diameter, and therefore the precise location of the contact point in the xy plane is relatively unimportant. Long-range Coulomb interactions are accounted for using 3D Ewald summation, with a relative convergence parameter of 10 −5 . The NVT conditions of our simulations are enforced by a Nosé-Hoover thermostat 25 .
The equations of motion are integrated using the velocity Verlet algorithm with a time step of 1 fs.
A schematic view of the system, showing the orientation of the reference axes, is given in Fig. 2 . Each simulation of an indentation event starts with the NS far above the free RTIL surface. The NS-surface distance is reduced, until when a sizable interaction is felt at the probing tip. At first the interaction is attractive, pulling the tip towards the liquid. The force becomes repulsive at Z ∼ 6 nm, roughly equal to the film thickness plus the NS radius, marking the beginning of the contact range for our simulated AFM measurement. From this point of first contact, the tip is lowered towards silica through the RTIL in discontinuous steps of regular amplitude. At each distance, the system configuration is relaxed and then statistics is accumulated keeping fixed the relative position of the tip with respect to the silica plane. The primary result of our simulations is the average force F z on the meso-particle along the direction z perpendicular to the silica surface.
Simulations have been carried out at two temperatures, i.e., T = 300 K and T = 350 K.
Four trajectories have been generated at T = 300 K simulating the indentation by a particle of σ = 1.6 nm. The relative size of the σ = 1.6 nm NS and of the surface area can be appreciated in Fig. 2 and in Fig. 3 . Independent starting configurations for the four distinct simulations were obtained by equilibrating at T = 300 K four configurations selected at 1 ns time separation along an equilibrium run at T = 350 K, temperature at which we do observe diffusion of the RTIL ions.
For each trajectory, the 2.1 ≤ Z ≤ 6.0 nm range has been covered in steps 0.05 nm wide, relaxing the system at each distance during 0.1 ns, and collecting statistics during another 0.1 ns simulation. Each simulation of the film indentation covers 16 ns, and requires ∼ 10 days running in parallel on 8 octuple-core Xeon E5530 2.4 GHz nodes. The average force F z as a function of distance Z estimated during the simulation at T = 300 K, σ = 1.6 nm, is shown in Fig. 4 . The data refer to the average over time and over the four simulated trajectories. The average force is repulsive for Z ≤ 5.9 nm, and its modulus tends to increase with decreasing separation, reaching a region of very high stiffness for Z ≤ 2.2 nm.
Even at the lowest separation and highest force, there remains one residual layer in between the tip and the surface.
The F z dependence on Z is not monotonic, but displays both localised irregularities and longer-wavelength small-amplitude oscillations. As discussed below, the longer wavelength oscillations reflect the defective but still apparent layering at the interface, while the irregularities are due to activated molecular displacements representing rare events on the rather short time scale of our simulations. In principle, the role of these last events could be reduced at will by increasing the number of trajectories over which F z is averaged, or by increasing the time scale of the simulation.
To provide a comparison, we simulate the penetration of a 2 nm water film on silica, using the same NS and the same time progression. The results, represented by squares in fluctuations with a slow downwards drift. A few discrete processes followed by exponential relaxation are also seen from time to time, as exemplified in Fig. 5 . Analysis of simulation snapshots shows that these jumps in the force are due to the large-amplitude motion of single ions, being displaced by the increased pressure under the tip. These displacements represent rare activated events, and their random occurrence is likely to be the main cause of the short-length noise seen in the Z dependence of F z .
The scaling of the force F z with the tip radius σ is expected to be F z ∝ σ 2 . To verify this relation, we carried out simulations with a penetrating sphere of σ = 2 nm. To account for the longer time needed to relax a larger perturbed volume, the indentation has been carried out at the slowest speed 0.125 m/s, and, because of cost considerations, only one trajectory has been generated in this case. As expected, the force on the tip is systematically higher than in the simulations with σ = 1.6 nm, as can be verified in Fig. 6 To assess the effect of temperature, we carried out a simulation using a sample equilibrated at T = 350 K. No extrapolation of F z (Z) to v = 0 has been done in this case. A comparison with the raw data at T = 300 K at the same approach velocity v = 0.25 m/s shows that the film resistance to penetration decreases rapidly with increasing T (see Fig. 7 ). At T = 350 K, however, it is still much higher than the force estimated at T = 300 K for the most prototypical liquid of comparable melting point, i.e., water.
As a final point, we verified that at T = 300 K (but not at T = 350 K) the deformation of the RTIL film due to the indentation is permanent on the simulation time scale, since the hole made by the approaching sphere remains practically unchanged during several ns after removing the NS potential, providing further evidence of the glassy state of the thin film.
Moreover, at T = 300 K, the MD simulation of retracting the sphere, reversing the regular progression described above, invariably gives rise to small and negative forces, pointing to a large hysteresis in F z . This effect is much attenuated at T = 350 K.
IV. COMPARISON WITH EXPERIMENTAL RESULTS
The conditions of our simulations are close to those of the measurements of Ref. Finally, RTIL are known to give rise to mesophases 11, 12, 26 , and a minimum system size larger than our simulated sample might be needed to reproduce the experiments quantitatively. shows similar qualitative features in the Z-dependence of computed and measured F z , both displaying an increasingly repulsive character with decreasing Z, superimposed to localised fluctuations, and to low-amplitude, long wavelength oscillations. Moreover, the intensity of the normal force F z is comparable in the two sets of data, in both cases raising up to ∼ 16 nN. This good agreement, however, is accidental, since these forces are measured on tips of significantly different radius, i.e., 2 nm for the simulation, and 20 nm for the experiment.
The pressure under the tip, therefore, is significantly larger in simulation than in experiment.
This can be due, first of all, to the different ionic liquid considered in the simulation and in the experiment. More importantly, however, as already emphasised, the simulation refers A simple geometric estimate of the contact area shows that the peaks in the F z (z) of These, however, are unlikely to change qualitatively the results, and a limited series of test supports the reliability of our extrapolation.
The scaling with the tip radius σ has been verified to match the expected F z ∝ σ 2 .
We verified by additional simulations for the unperturbed slab Needless to say, quantitative differences remain between simulation and experimental results. Both experiments and simulations are likely to be responsible for the discrepancy.
For instance, the elasticity of the silica surface, neglected in our simulation, is likely to affect the force measured on the tip. Differences in the response could also be due to a different quality and purity of the silica surface, including its hydroxylation coverage. Unfortunately, these parameters are difficult to control in experiment, and to include in simulation models. 
